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High duty cycle and continuous terahertz emission from germanium
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We measured laser emission from Be-doped Ge crystals with intercontact distances as small as 0.5
mm. An improved heat sink allowed a twofold increase of the laser duty cycle to 5%. We also report
the measurements of THz emission from small Be-doped Ge crystals under continuous excitation
with volumes as small as 0.5 nim © 2000 American Institute of Physics.
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In the far-infrared wavelength or terahertz frequencyleads to a poor coupling between the gain volume and the
range(1-10 TH2 there are a wide variety of potential ap- optical field.
plications for compact and tunable lasers. High resolution In this letter we present significant progress obtained
spectroscopy is relevant to such diverse fields as astronomwjth high duty cycle, Be-doped Ge lasers in crossed electric
biochemistry, and physical chemistry. Objects of interest inand magnetic fields. We also demonstrate THz emission
clude star-forming regions in the universe, heavy ligands irfrom continuously excited germanium laser material in this
biomolecules which vibrate and rotate with absorption feaconfiguration. The properties of our samples are given in
tures in the far-infrared, or molecular clusters which giveTable I. The detailed method of the crystal preparation and
insights into molecular potentialsAny progress in THz la- characterization has been described elsewhérevafers

ser technology will also have an impact on broad band comwere cut from Czochralski-grown crystals with an ID saw.
munication, e.g., intersatellite links. Prior to implantation and metallization, the two opposite
Ideally a coherent, compact, powerful, tunable, and solicsides of the wafer were optically polished to obtain a con-
state source is desired. Up to now, the only demonstratedtant intercontact distance which equals the wafer thickness.
semiconductor lasers in this frequency range are based cpmall laser samples were cut from those wafers by using a
bulk p-type germanium crystals. We can distinguish two |a_d|<_:|ng saw with a blade of 1.5 mm th_lckness and a diamond
ser mechanisms in Ge. The first mechanism is based on @it Size of 4-6um. Due to the fine grit of the blade and the
hole population inversion between the light and heavy holdlifficulty to polish such small surfaces no additional me-
Landau levels which develops in crossed electric and magghanical polishing was used. Saw damage was partially re-

netic fields. The light hole states represent the upper lasdPOved by a single, 45 s long, chemical etching step using 4:1

states. These lasers are magnetically tunable from 1 to @NOs:HF. The resulting sample surface parallelity was not

THz2 The second mechanism does not require a magnetilaetter than 1 arcmin. Thg crystal edges are especially vulner-
field but is instead based on the splitting of the light and@P!e 10 saw damage which can result in uneven edges. We

heavy hole band and their respective acceptor states undgfPect that su_rface imperfections lead to a rec_iuced_perfor-
uniaxial stress. A hole population inversion forms within mance, especially for the small samples with dimensions of

those acceptor states with the excitation of an electric field IFSS thaq f.l mtrr; ustﬁd Im th'SIStUdy' Edgg |mpe|.rfectt|32qs are
a pressure of more than 3 kbar. The laser emission is tunab gSS signiticant Tor the larger lasers used in eartier Siuaies.

by the applied uniaxial stress. Emission frequencies Wer?mchr)r lg?ﬁrliOpgi“?in nt(hLeHc)rystteL\llsz ?(n(whe dr—.;jtector:} V\I/Iere
measured in a pulsed mode from 4.8 to 5.6 THz with a pres- erse quid helld € at 4.2 1. We used a sma

sure around 7 kbarRecently, continuous wave laser action superconducting coil to apply a magnet|c md_uctlﬁn Upto
3 T for the Faraday configuratidhThe available sample
has been reported for these stressed ldséhere have been - :
. A . . space was limited to the 10 mm diameter clearance of the
also investigations of Ge lasers in crossed electric and mag-_. . ) .
S L : o . oil. For the Voigt configuration two NdFeB permanent
netic fields with simultaneous applied uniaxial stré$sis

worth noting that the small Ga-doped Ge lasers in that study

did not operate at zero stress but reached high laser dufyABLE I. Tested Ge lasers: Be doping concentrathg lengthL, width

cycles of around 0.2% if uniaxial stress in excess of 1.3 kbaf' contact distancel. Crystal orientations along is (110)IB, alongd
. ’ . . ’ 00JIE also crystal growth direction.

was applied. Although far-infrared emission from compound

semiconductor quantum structures has been detéstedar Na (10°° m™3) Lxbxd (mnt)
no laser emission has been demonstrat.ed. This may pe dueto |, 14 18<3.0%3.0
the fundamental problem that such devices are small in com- |1 15 11X 2.5x0.8
parison to the rather large far-infrared wavelength which L2 0.16 0.5¢0.5X2.0
L3 0.3 1.0<0.5X1.0
L4 15 20<2.8x0.5
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magnet
netization ofBg=1.2 T were placed at opposite sides of the
laser crystals separated by a distance of 3 mm which results
in a magnetic induction oB=0.7 T across the laser. The
multimode laser emission ranges from 70 to 90 ¢énat
B=0.7 T2 close to the optimum sensitivity of the Al-doped A
Ge photoconductor at 90 cm used in this study. 00‘0 0.1 02 03 04 0.5 0.6 0.7
To improve the heat conduction from the laser to the E (kV/em)

LHe bath \-Ne made a -neW heat sink gsing nigh purity CoppeIrZIG 1. Laser emission of1 vs the electric fielde at a duty cycle of
;HI:I)’]C@ Vélthta tCu([))lli;‘_l:é ofc99,9?h9% gStead.tOf OfX)égegl’Isgee dc=5% (t=10 us, f=5000 H2. T.he.mean applied input powe); isygiven as
Ig_ conductivi y_( ) u WI_ a tu purty 0_ ) ®  p=pPxdc. The constant magnetic field wAs=0.7 T using permanent mag-
which was used in earlier experlmeﬁt§he heat sinks were pets.

attached to the ohmic contacts of all lasers with the excep-

tion of samplel.2. L2 was mounted on a brass holder in theance of only 0.5 mm. Laser emission was observed but we
center 6 a 3 mmecircular high quality brass cavity to allow ¢oyld not reach comparable duty cycles of 5%. We speculate
efficient photon collection. The radiation was coupled outinat the lower duty cycle is due to imperfections in preparing
through a 1 mmdiameter hole. For the other samples nogych small surfaces.
external cavity was used because the high refractive index of Figure 2 shows far-infrared emission of the lightly doped
Ge allows laser operation using only the crystal surfaces asampleL2 mounted in the brass holder under continuous
mirrors for internal reflections. The applied electric field was[dc=1, Fig. 2a)] and under pulsed excitatidmic<1, Fig.
either pulsed with variable pulse length.1-100us) and  2(b)]. The much lower heat dissipation of brass was partially
repetition rate(1 Hz-100 kHz or supplied by a constant compensated by using a small and lightly doped Ge sample
high voltage source in the direct-curre(dc) mode. The which had a power consumption of about 2—4 W at a voltage
pulse generator circuit was designed to act as a constant volgf 100 V. The emission of 2 at 0.05 kV/cm(10 V) drops at
age source during the pulse. The sample resistance varies Rjgher magnetic fields. This is expected because of the cur-
only a few percent during the pulse which results in a simi-rent decrease with increasing magnetoresistance. The signal
larly shaped, square current pulse. However, the opticds mainly thermal and follows the input power. At 0.15
pulse has a decay time due to heafiigsimilar to laser  kv/cm (30 V), however, we observe a dramatic change in the
pulse shapes obtained previouSlfthe detected emission behavior. The emission first rises and then drops, similar to
was observed on a 500 MHz digital oscilloscope or in the dahe typical laser emission behavior of Ge:Be ladetdhove
mode directly with a multimeter. No amplifier was used. 0.2 T the curve resembles the curve at 10 V because for
For the evaluation of the new heat sink we have teste@/B<0.6 kV/(cmT)"*® and at moderate magnetic fields no
laserL5 from Ref. 9(identical toLO in Table ) under the laser emission is expectédf. also Fig. 3. Above 0.5 T an
same electrical conditions without any alterations to the crysincrease of emission is observed which can be related to the
tal. The HP Cu heat sink let to a more than twofold increasen-set of cyclotron resonance type emission due to signifi-
in power dissipation, repetition rate, and duty cycle in com-cant splitting of the light hole Landau levels. The absence of
parison to the previously used OFHC Cu heat sink. Thissuch an effect at 10 V suggests that the number of free car-
improvement can be due to a somewhat larger surface area gérs is too low. AtE=0.5 kV/cm (100 V) only a flat curve
the new heat sink as well as to the higher heat conduction okith minor dependence on the magnetic field is observed
the purer Cu material which leads to a larger temperaturevhich indicates that the sample is far hotter than the heat
gradient at the heat sink surface. The limiting mean appliedink so that the magnetic field cannot freeze out the carriers.
power forLO was raised from 8 to 17 W. From this result we At 100 V in a pulsed modgFig. 2(b)] we recover the usual
can assume that the crystal temperature does not exceed 29d6er behavior with typical emission peaks related to various
for an applied electrical power of 15 W. resonances with Be impurities and optical phonons.
SampleL1 has a small intercontact distance of 0.8 mm  Figure 3a) shows the small, higher doped samp/8d
which provides faster heat transport from the center plane to

81 of size 20<10x10 mn? with a remanent mag- P(W)
0 L2501

Intensity (arb. units)

the cooled contacts. We have measured the laser emission of S 9 | 7 b

L1 up to a duty cycle of de5%, limited only by our pulse g (a)w g3 1)

generator. Figure 1 shows the emission intensity at a duty & 20 | £,

cycle of 5%. At a duty cycle of 1% we measured laser emis- g 157 ~

sion up to an electric field of 1.8 kV/cm with the maximum g 107 0.15 kV/em g 11

emission at 0.8 kV/cm which is a result of the optical phonon B 57 kv| 2 0.5 kV/em
resonance aE/B=1 kV/(cmT).” At a duty cycle of 5% we B o M()Scm = 0 At
clearly observe laser emission in the range from 0.4 to 0.65 0.0 0.4B (T(;'S 12 0.0 0'4B (%'8 12

kV/cm which corresponds to a population inversion induced
by resonances with the Be dopant atohW¥e could measure FiG. 2. Far-infrared emission intensity b shown as change in voltage
the main peak at 0.8 kV/cm only partially up to 0.7 kV/cm drop across the photoconductor detector vs the magnetic indugtienfor

because of power limitations in the pulse generator circuit afiierent constant, continuouslc=1) voltages(10, 30, and 100 ¥and
. L electric fieldsE, respectively(b) for 100 V voltage pulses at a low repeti-
such hlgh repetition rates. tion rate ¢=10 us, f =2 Hz). Here we used the superconducting magnet for
We have also tested lask#d with an intercontact dis- generating a variable magnetic field.
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S 6 =5 0.6 ? One experimental problem is the high LHe consumption
g o4 © g due to the power input of about 10 W. This leads to a He gas
24 g o flow of 3 | per second which prohibits long duration experi-
g 2 02 & \?/ (b) ment; such as spectral measurements due to substa_ntial
k= 0 Loocpas 0.0 B! et freezing of the venting system. However, closed-cyclg refrig-
0 20 40 60 80 0 20 40 60 80100 erators can be .used to operate Ge ld$emsd commerua}lly
U(v) U) available machines can cool down to 10 K at 10 W without

any freezing problems. The cube-like sample geometry used
FIG. 3. Far-infrared emission intensity b3 vs voltage bias(a) The cur- in our experiments was dictated by the current fabrication

rent densityj =1/(Lb) at dc=1 and the emission intensity are also shown. ; : : .
The latter is given by the change in voltage drop across the photoconduct&rocess and is also far from optimal due to the strong inho

detector.(b) Intensity for different detector bias settings and voltage steps.0geneity of the electric field. Our recently demonstrated
The constant magnetic field w&=0.7 T using permanent magnets. planar structuré in combination with a thin doped active
layer has the potential of combining a homogeneous electric
d i itati ing the HP Cu heat sink field distribution and a relatively large sample size due to the
Elj_rr]] er con 'mIJOUS exml.a lon using the ut 3a S.Ln S'rntegrated Ge heat sink. The latter simplifies mechanical op-
hi ehre 'S I? cear_,rhno?mtear mcrte'ase n currgr; kve/n5| y E'tﬁcal polishing. With an optimized laser resonator we expect
igher voltages. The first current increaseEat0. M " that we can realize a reduced active volume and doping con-

results from the on-set of heavy hole scattering with Be "M centration to allow strong continuous wave laser operation at

pur_itiefé This corresp_onds, typically, to the on-set of Iasermoderate input powers.
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